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Abstract 
Adsorptions of Rhodamine B (RhB) and Basic Blue 9 (BB9, also known as methylene blue) by 
sugarcane bagasse of different surface areas were compared in this study.  There was a small gain in 
the amount of dye removed by increasing bagasse surface area from 0.57 m2/g to 1.81 m2/g. BB9 
adsorption was less sensitive to surface area change than RhB adsorption.  Adsorption capacity of 
250 mg/L RhB on 1 g/L bagasse was 65.5 mg/g compared to a value of 30.7 mg/g obtained with 
BB9 under the same conditions.  Increasing adsorption temperature (from 30 °C to 50 °C) while 
having no effect on RhB adsorption, slightly decreased BB9 adsorption by ~4%.  The differences in 
adsorption performances between these dyes have been related to the molecular structure of the dyes 
and the surface chemistry of bagasse. 
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1. Introduction 
Cationic dyes are widely used in many industries such as paper, tannery, paint and textile industries. 
The actual quantity of dyes currently consumed around the world is unknown but it is estimated that 
up to 700,000 tonnes/year of dyes (including cationic dyes) were consumed in the 1980s (Zollinger, 
1987).  2% of dyes produced are discharged directly in aqueous effluent, and 10% are subsequently 
lost during the coloration process (Easton, 1995). Many dyes are toxic and carcinogenic and dye-
contaminated water effluents are unacceptable under environmental regulations of most countries. A 
variety of technologies are currently being developed for the removal of dyes present in effluents, 
with adsorption technology considered as one of the most cost-effective methods (Demirbas, 2009).   
Among cationic dyes, Basic Blue 9 (BB9, also known as methylene blue) and Rhodamine B (RhB) 
are commonly used by the chemical industry.  They are known carcinogens and so their adsorption 
by a number of materials ranging from lignocellulosic biomass, natural minerals (e.g. clays and 
zeolite) and their derivatives, and biomass produced by organisms and derivatives, have widely been 
studied (Crini, 2006). Lignocellulosic biomass is the most abundant renewable bioresource on earth 
with annual production estimated to be 1 × 1010 million tonnes (Sanchez & Cardona, 2008). In recent 
years, the use of lignocellulosic biomass as low cost adsorbents for treatment of dye contaminated 
wastewater has attracted wide interests. Numerous studies of BB9 adsorption with lignocellulosic 
materials have been conducted, and the adsorption capacities range from 11 mg/g to 99 mg/g 
depending on type of lignocellulosic material (Rafatullah et al., 2010). The studies of RhB 
adsorption only used a number of lignocellulosic materials such as stick jute powder (Panda et al., 
2009), coir pith (Namasivayam et al., 2001), orange and banana peels (Annadurai et al., 2002), and 
the reported adsorption capacities were between 14 mg/g and 95 mg/g. Many of these 
lignocellulosics used for dye adsorption are not in centralised locations, and harvest and transport 
will add to the overall cost of producing adsorbent.   
3 
 
The Australian sugar industry is looking at ways to broaden the revenue base and reduce the 
industry’s vulnerability to fluctuating world sugar price through diversification using sugarcane fibre 
(i.e. bagasse). Unlike other lignocellulosic materials, bagasse is abundant and is in centralised 
location, and so is readily transportable in large quantities. There are a few studies reported for the 
adsorption of BB9 by sugarcane bagasse (Low et al., 2011; Xing et al., 2010). Xing et al. (2010) 
improved BB9 adsorption capacity from 27 mg/g raw bagasse to 115 mg/g 
ethylenediaminetetraacetic dianhydride modified bagasse. However, the efficiency of the modified 
bagasse dropped after regeneration using a photocatalytic process. Low et al. (2011) using response 
surface analysis obtained an improvement of 21% for the removal of BB9 using a tartaric acid 
modified bagasse compared to raw bagasse. The disadvantages of using modified bagasse as 
adsorbent would be the cost associated with its production and regeneration.  
Most adsorption studies (including those on bagasse) uses the linear regression approach of the 
adsorption models to assess the experiment data, which unfortunately results in incorrect conclusions 
at times (El-Khaiary & Malash, 2011). The present study uses both linear and non-linear regression 
of the adsorption models to assess experimental data obtained with the adsorption of BB9 and RhB 
by bagasse. In addition, the models were optimised by Microsoft Excel Solver add-in software. RhB, 
which is structurally different from BB9 and has not been reported before for its adsorption on 
bagasse, was selected for comparison. The present study uses the following process parameters: 
bagasse surface area, bagasse dosage, solution pH, dye concentration and temperature. The 
adsorption isotherms, kinetics and thermodynamics were determined, and the information derived 
from these was used to discuss the chemistry of the adsorption processes.  
2. Materials and methods    
2.1. Materials 
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Sugarcane bagasse was collected from Racecourse Sugar Mill in Mackay, Australia.  It was washed 
with copious amounts of distilled water to remove sugars and ash components, and air-dried to 
constant weight. RhB (CI No. 45170) and BB9 (CI No. 52015) were purchased from Sigma-Aldrich 
company. The molecular structures of both dyes are shown in Fig. 1. RhB and BB9 stock solutions 
(2.5 g/L) were prepared with MilliQ water.  Solutions of sodium hydroxide (0.1 M) and hydrochloric 
acid (0.1 M) were prepared using analytical grade chemicals (Merck, Australia). 
The air-dried bagasse was screened by passing it through a wire mesh sieve of aperture size of 4 mm.  
This process resulted in the removal of the pith component (.e. parenchyma cells, ~40 wt% of 
bagasse) and some ash components, leaving behind the fibres. The screened bagasse consisted of 
42.9% cellulose, 27.1% hemicelluloses, 27.0% lignin and 0.4% ash based on dry biomass weight. 
The screened bagasse was milled in a Retsch® SM100 mill (Retsch GmBH, Gernany) and screened 
through wire sieves with aperture sizes of 1.0 mm, 0.5 mm, 0.25 mm and 0.125 mm.  Bagasse with 
particle sizes of 0.5 – 1.0 mm, 0.25 – 0.5 mm and 0.125 – 0.25 mm were collected and vacuum-dried 
at 45 °C for 24 h to remove moisture, and then kept in a desiccator before use.  A portion of bagasse 
particles in the 0.5-1.0 mm size range, that was not vacuum-dried, was further processed in a 
planetary ball mill (Pulverisette 6, Frisch, Germany).  Ball milling was conducted at 300 rpm with 
cycles of a 10 min milling plus a 10 min pause.  The milled bagasse was screened through a 0.25 mm 
sieve to remove large particles and powder agrregates.  The milling times were 30, 60 120 and 180 
min resulting in four bagasse size ranges.  The screened bagasse powders were vacuum-dried at 
45 °C for 24 h and then kept in a desiccator before use. 
2.2. Characterisation of bagasse 
The specific surface area of the milled bagasse sample was determined by using the established 
Brunauer-Emmet-Teller (BET) method. Prior to specific surface area analysis, bagasse sample was 
dried under vacuum at 105 oC until removal of moisture. The specific surface area was obtained by 
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liquid N2 adsorption onto bagasse samples at 77 ± 0.5 K using a Gemini V2.00 surface analyser 
(Micromeritics, USA).  The error in the analysis was less than 0.03 m2/g. 
Fourier transform infrared spectroscopy (FTIR) spectra of the samples were recorded between 4000 
cm-1 and 500 cm-1 using a Thermo Nicolet Nexus 870 system with the processing software Omnic 
7.3 (Thermo Nicolet, US).   
2.3. Adsorption experiments 
Batch adsorption experiments were conducted in 250 mL shaker flasks containing 50 mL aqueous 
solution with known dye concentration (adjusted to the desired pH with 0.1 M NaOH/HCl) and the 
required amount of adsorbent.  For each test, the mixture was agitated at 150 rpm in a rotary Ratek 
OM 11 Orbital Mixer (Ratek, Australia). All the experiments were carried out for 24 h to ensure that 
adsorption equilibrium was attained.  Aliquots (0.5 mL) were withdrawn at different time intervals 
and centrifuged immediately at 10,000 rpm for 5 min. The supernatants were used for dye 
concentration analysis. All the dye adsorption experiments were conducted in triplicate and the 
average values were recorded.  
2.4. Dye concentration, dye removal and adsorption capacity 
Concentrations of RhB and BB9 were determined colorimetrically by measuring the maximum 
absorbance at 554 nm and 665 nm respectively using a Cintra 40 UV-visible spectrophotometer 
(GBC Scientific Equipment, USA) for the pH range of 5.0 – 10.0. The amount of dye removed and 
the amount of dye adsorbed on per unit of adsorbent (qt) at the sampling time were calculated using 
the following equations: 
Dye removal (%) = × 100 
Ci – Ct  (2) 
Ci  
qt  = × V 
Ci – Ct 
 (3) 
m 
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where Ci is the initial dye concentration (mg/L),  Ct is the free dye concentration in the solution at the 
sampling time (mg/L), V is the volume of dye solution (L) and m is the weight of adsorbent (g) used.  
When the adsorption reached equilibrium, the free dye concentration was defined as Ce and the 
amount of dye adsorbed on per unit of adsorbent was qe.   
3. Results and discussion 
3.1. Effect of surface area 
The surface areas of cutter-grinded and ball-milled bagasse samples are shown in Table 1 (Zhang et 
al., 2011). The surface area of bagasse samples increased with reduction of particle size by cutter-
grinding or ball-milling. The cutter-grinded bagasse had a surface area range of 0.58 – 0.66 m2/g 
whereas the ball-milled bagasse had a surface area range of 1.31 – 1.82 m2/g. The bagasse powders 
had relatively low surface areas compared to other lignocellulosic biomass powders used in previous 
studies (Demir et al., 2008; Ferrero, 2007; Panda et al., 2009). Dye adsorption was conducted at 
30 °C by using 250 mg/L dye solution (pH 7.0) with addition of 10 g/L bagasse samples. As shown 
in Fig. 2, increasing the surface area had only a slight effect on the amount of BB9 adsorbed. When 
the surface area increased from 0.58 m2/g to 0.66 m2/g, the amount of BB9 adsorbed by bagasse 
increased by only 5.6% (from 91.0% to 96.6%). Further increase in bagasse surface area to 1.82 m2/g 
resulted in the amount of dye removed to a lower value of 92.6%. The amount of RhB adsorbed by 
cutter grinded bagasse increased linearly from 81.7% to 87.0% in the surface area range of 0.58 – 
0.66 m2/g, and then increased to 93.7% with bagasse with a surface area of 1.31 m2/g. However, 
further increase in the surface area from 1.31 m2/g to 1.82 m2/g did not result in an increase in the 
amount of RhB removed. This result is different from our previous study on adsorption of Congo 
Red (CR, an anionic dye) where the adsorption was significantly affected by bagasse surface area 
(Zhang et al., 2011). To investigate the effect of other process parameters on adsorption of RhB and 
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BB9 by bagasse, bagasse with the surface area of 1.72 m2/g was selected, as the amount adsorbed 
was similar for both dyes at this surface area. 
3.2. Effect of bagasse dosage 
The effect of bagasse dosage on adsorption was studied at 30 °C with 250 mg/L dye solution (pH 
7.0). The adsorbent dosage ranged from 1 g/L to 20 g/L. As shown in Fig. 3, increasing bagasse 
dosage from 1 g/L to 10 g/L significantly improved dye adsorption. Further increase in adsorbent 
dosage from 10 g/L to 20 g/L increased RhB removal from 94.2% to 98.0%, and BB9 removal from 
93.3% to 99.0% (Fig. 3). Increased dye removal with high bagasse dosage was attributed to the 
increase of adsorption sites. Interestingly, the RhB adsorption capacity (qe) decreased significantly 
with decreasing amounts of adsorbent dosage.  The change in qe with increase in adsorbent dosage 
was gradual with BB9 (Fig 3). The qe values with 1 g/L bagasse were 65.7 mg/g and 30.7 mg/g for 
RhB and BB9 respectively.  Although a higher qe value has been reported for RhB adsorption on jute 
stick powder previously (Panda et al., 2009), bagasse adsorbent used in the present study has a 
higher qe per m2.  
3.3. Effect of solution pH  
The effect of pH on dye adsorption was investigated at 30 °C with 250 mg/L dye solution and 10 g/L 
adsorbent. The pH ranged from 4.0 to 10.0. In our previous study, the pHpzc (point of zero charge) 
of bagasse was found to be about 5.0 (Zhang et al., 2011). At pH 5.0, the charge of bagasse will be 
zero. Above pH 5.0, bagasse will be negatively charged whereas below pH 5.0 bagasse will be 
positively charged. Both RhB and BB9 are cationic dyes. As the pH decreased from 10.0 to 4.0, BB9 
removal dropped from 98.0 % to 89.4% (Fig. 4), which could be attributed to decreasing electrostatic 
attractions between the BB9 cation and bagasse functional groups such as hydroxyl and carboxyl 
groups. A few studies have shown that pH had no obvious effect on BB9 adsorption by neem leaf 
powder and jackfruit peel in a pH range of 4 – 10 (Bhattacharyya & Sharma, 2005; Hameed, 2009a). 
8 
 
It is well known that leaf and fruit peel materials contains significant amounts of proteins and pectin 
in addition to cellulose, hemicellulose and lignin. Sugarcane bagasse mainly consists of cellulose, 
hemicellulose and lignin. The difference in material composition may affect the types and the 
contents of the functional groups that participate in the adsorption process. It is also worth noting 
that in the present study the change in the amount of BB9 removed by bagasse at the pH range of 5.0 
– 9.0 was not significant, as the maximum difference was only 2.7%.   
Fig. 4 shows that the adsorption of RhB is independent of pH to some extent.  The different 
observations between the adsorption of RhB and BB9 on bagasse with change in pH, are probably 
due to differences in their molecular structures and the types of functional groups their posses. With 
increasing pH from 4.0 to 10.0, the electrostatic attraction between RhB cation and  bagasse 
functional groups increased. However, the degree of dissociation of the phenyl carboxylic acid in 
RhB would also increase with increasing pH, leading to an increase in electrostatic repulsion 
between RhB carboxylic group and bagasse carboxylic group and hydroxyl group. It was found in a 
previous study that when banana peel was used as adsorbent, the highest adsorption for both RhB 
and BB9 was achieved at pH 6 – 7, and further increase or decrease in pH had a negative effect on 
dye adsorption (Annadurai et al., 2002). This observation may indicate that dye adsorption is not 
only influenced by electrostatic interaction but also by the molecular structure of the dyes and those 
of the adsorbent. 
3.4. Effect of dye concentration 
Dye adsorption experiments with initial dye concentrations of 100 – 500 mg/L was carried out for 24 
h at 30 °C with 10 g/L bagasse. As shown in Fig. 5, removal of both dyes by bagasse decreased with 
increasing initial dye concentration. However, the adsorption capacity increased with the initial dye 
concentration (Fig. 5). The RhB adsorption capacity had a positive linear relation, and RhB removal 
by bagasse decreased from 99.1% to 87.1% with increasing initial RhB concentration (from 100 
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mg/L to 500 mg/L). The adsorption capacity reached 43.5 mg/g at an initial RhB concentration of 
500 mg/L. These results indicate that the adsorption sites of bagasse for RhB adsorption were still 
unsaturated within the dye concentration range. In contrast, the BB9 adsorption capacity significantly 
increased linearly with increasing initial BB9 concentration up to 250 mg/L, after which there was a 
disproportionate increase with increasing initial dye concentration. The adsorption capacity of BB9 
was 27.2 mg/g at BB9 concentration of 500 mg/L. The amount of BB9 adsorbed by bagasse 
decreased significantly from 94% with 250 mg/L dye solution to only 55.5% with 500 mg/L BB9 
solution.  These results and those given in section 3.2 show that bagasse has a higher adsorption 
affinity for RhB than BB9. 
3.5. Adsorption isotherm  
Adsorptions isotherms are important for the description of the interactions between the adsorbate and 
the adsorbent surface. A basic assumption of the Langmuir theory is that the adsorption is mono-
layer and the structure of adsorbent is homogeneous, and all sorption sites are identical and 
energetically equivalent (Vimonses et al., 2009). Compared to the Langmuir isotherm, the Freundlich 
isotherm is used to describe heterogeneous systems, which is generally found to be better suited for 
characterizing multi-layer adsorption process (Vimonses et al., 2009). 
Freundlich isotherm is expressed as:  
(4) qe  = KFCe1/n 
Its linear form by taking logarithms is expressed as: 
logqe  = 
1                                                                                                                      (5) n logCc  + logKF
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where KF  (mg1-1/n ·L1/n/g) and where KF  (mg1-1/n ·L1/n/g) is an indicator of the adsorption capacity 
and 1/n is the adsorption intensity (Hameed, 2009b). Values of n > 1 represent favourable adsorption 
condition (Hameed, 2009b). 
Langmuir isotherm is expressed as:  
qe = 
qmKLCe 
1 + KLCe 
 (6) 
Langmuir isotherm can be expressed as three linear forms (El-Khaiary & Malash, 2011): 
Form 1, 
Ce Ce 1  (7) = + qe 
Form 2, 
(8) 
Form 3, 
(9) 
where qm is the maximum amount of adsorption with complete mono-layer coverage on the 
adsorbent surface, and KL is the Langmuir constant related to the energy of adsorption (1/mg).  
Many previous adsorption studies have used only linear regression of inherently non-linear equations 
such as Freundlich and Langmuir isotherms to determine which adsorption is obeyed based on the 
coefficient of determination value (r2) (Annadurai et al., 2002; Bhattacharyya & Sharma, 2005; Bulut 
& Aydin, 2006; Demir et al., 2008; Ferrero, 2007; Hameed, 2009a; Namasivayam, 1993; 
Namasivayam et al., 2001; Oliveira et al., 2008; Panda et al., 2009; Ponnusami et al., 2008). 
However, it has been shown that the data analysis method used in most of these studies is incorrect 
= 1 qe 
1 
Ce 
1 
KLqm 
1 
qm + 
KLqm qm 
qe qm + qe  = – KLCe 
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(El-Khaiary & Malash, 2011; Ho et al., 2005). The main issue is due to the lack of information of the 
associated errors when transforming data to achieve a linear equation (El-Khaiary & Malash, 2011). 
Therefore, it is necessary to verify the results obtained from the transformed linear equations by 
using non-linear regression. In addition, it is also suggested that three indicators, namely the 
coefficient of determination (r2), the sum-of-squared deviations of the points from the regression 
curve (SSE) and Akaike’s Information Criterion (AIC) should collectively be used to select the most 
likely adsorption model (El-Khaiary & Malash, 2011). When two or more models are compared, the 
model with a higher r2 value, a lower SSE value and a lower AIC value is considered as the better fit 
(El-Khaiary & Malash, 2011). AIC is used to compare models with different numbers of regression 
parameters (El-Khaiary & Malash, 2011). For both Freundlich and Langmuir isotherms, only two 
regression parameters are involved and so the AIC values were not calculated and compared in this 
study. 
When the linear regression of the Freundlich isotherm was applied to RhB and BB9 adsorptions on 
bagasse, the linearity was poor for BB9 adsorption but good for RhB adsorption. As shown in Table 
2, the calculated r2 for the Freundlich isotherm was 0.9874 for RhB adsorption and only 0.8825 for 
BB9 adsorption. When the parameters (KF and n) obtained from linear equation of Freundlich 
isotherm was applied to the non-linear equation, the calculated r2 values for RhB adsorption and BB9 
adsorption were 0.9839 and 0.8417 respectively. Furthermore, the non-linear regression was 
optimised by the Solver add-in within Excel software (Microsoft) using the values of KF and n 
obtained from linear regression as the start values (Ho et al., 2005). The Solver targets to minimise 
SSE by adjusting values of KF and n. After optimisation, the values of KF and n were changed to 6.33 
and 2.20 respectively for RhB adsorption, and 13.66 and 6.90 respectively for BB9 adsorption. The 
value of r2 for RhB adsorption was improved to 0.9849 for RhB adsorption and to 0.8796 for BB9 
adsorption while the values of SSE decreased.  Fig. 6a shows the non-linear regression and the 
optimised non-linear regression Freundlich isotherms for RhB adsorption. 
12 
 
As shown in Table 3a when the three linear equation forms of Langmuir isotherm were applied to 
RhB and BB9 adsorption, the maximum r2 value (0.9747) obtained for RhB adsorption was from the 
Linear Form 2. The maximum r2 value (0.9999) obtained for BB9 adsorption was from the Linear 
Form 1. However, when the parameters from the linear forms were applied into the original non-
linear equation, the maximum r2 value (0.9579) for RhB adsorption was achieved with the use of the 
parameters from Linear Form 1 (Table 3b). The maximum r2 values decreased for both dye 
adsorptions when the non-linear regression was conducted. For BB9 adsorption the maximum r2 
value (0.9695) after non-linear regression was achieved using the parameters from the Linear Form 1, 
which also gave the maximum r2 value for linear regression. However, the smallest SSE value (13.08) 
was obtained using the parameters from the Linear Form 3, indicating the parameters from the Linear 
Form 3 best fitted BB9 adsorption. Langmuir isotherm was also optimised using the Solver add-in 
software. After optimisation, as shown in Table 3c values of r2 were improved to 0.9590 and 0.9710 
for RhB and BB9 adsorption respectively while values of SSE were decreased to 34.30 and 8.01 
respectively.  Fig.6b shows the non-linear regression and optimised non-linear regression of 
Langmuir isotherms for BB9 adsorption.  
The values of r2 and SSE for RhB adsorption using optimised non-linear regression of Freundlich 
were 0.9849 and 12.68 respectively compared to 0.9590 and 34.30 using optimised non-linear 
regression of Langmuir isotherm, indicating RhB adsorption on bagasse fits Freundlich isotherm 
better and the adsorption process is likely a multi-layer adsorption process.  The Freundlich isotherm 
parameter values of KF and n were 6.33 and 2.20 for RhB adsorption. The values of r2 and SSE for 
BB9 adsorption using optimised non-linear regression of Freundlich were 0.8796 and 33.28 
respectively compared to 0.9710 and 8.01 using optimised non-linear regression of Langmuir 
isotherm, indicating BB9 adsorption on bagasse obeys Langmuir isotherm better and the adsorption 
process is likely a mono-layer adsorption process.  The values of kL and predicted maximum 
adsorption capacity qe for BB9 adsorption were 0.48 and 27.12 mg/g respectively.   
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Although RhB adsorption and BB9 adsorption on lignocellulosic materials have been reported 
previously, many of these studies drew conclusions only based on the linear regression analysis 
(Annadurai et al., 2002; Bhattacharyya & Sharma, 2005; Bulut & Aydin, 2006; Demir et al., 2008; 
Ferrero, 2007; Hameed, 2009a; Namasivayam, 1993; Namasivayam et al., 2001; Oliveira et al., 2008; 
Panda et al., 2009; Ponnusami et al., 2008). We have seen from the present study the essence of 
using non-linear regression and statistical data information.  
3.6. Kinetic study  
The adsorption kinetics was evaluated using both the pseudo-first order (Lagergren, 1898) and the 
pseudo-second order (Ho & McKay, 1999) models to determine the controlling mechanism of CR 
adsorption onto bagasse.   
Pseudo-first equation is expressed as: 
= k1(qe – qt) 
dqt 
dt 
(11) 
Pseudo-first equation is an inherently linear equation. It can also b expressed as: 
–  
k1t 
2.303 log(qe – qt) = logqe  (12) 
Where k1 is the pseudo-first order rate constant (1/min). 
Pseudo-second equation is expressed as: 
= k2(qe – qt)2 
dqt 
dt 
(13) 
Integrating equation (14) for boundary conditions t = 0 to t = t and qt = 0 to qt = qt gives: 
(14) qe
2k2tq   = 
 1 + qek2t 
t
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Pseudo-second order kinetic model has four linear equation forms (El-Khaiary & Malash, 2011; Ho, 
2004). The most used linearised form of pseudo-second order is expressed as: 
= t qt 
t 1 qe 
1 
k2qe2 
+  (15) 
where k2 is the pseudo-second order rate constant (g/(mg·min)). The initial adsorption rate, h 
(mg/(g ·min)) at t = 0 is defined as h = k2qe2. 
The adsorption kinetics for both dyes did not fit pseudo-first order model (data not shown). As a first 
approximation, the linear equation form of inherently non-linear pseudo-second order equation was 
applied to obtain the kinetic parameters. As discussed previously, the use of transforming data to 
achieve a linear equation form of inherently non-linear equation can cause data analysis errors (El-
Khaiary & Malash, 2011; Ho et al., 2005). Table 4 shows the parameters and values of r2 achieved 
from linear regression, the values of r2 and SSE after non-linear regression, and the parameters and 
values of r2 obtained after model optimisation by the Solver software. As shown in Table 4b, the 
values of r2 were still well above 0.99 after non-linear regression for all the adsorptions, indicating 
the process for transforming data to achieve the linear forms did not cause significant error.  After 
optimisation, the values of r2 for BB9 adsorption equalled to 1.0 and the maximum value of SSE was 
no more than 0.01, indicating the optimised model fitted the experimental data very well. For RhB 
adsorption, r2 values were increased and SSE values were reduced, indicating the optimised isotherm 
fitted the data better. Fig. 7 shows that the kinetic models of dye adsorptions by non-linear regression 
and optimised non-linear regression. Both RhB and BB9 were adsorbed very rapidly by bagasse. 
Adsorption of RhB reached equilibrium after 60 min, whereas it took only about 10 min for BB9.  
The predicted qe values by pseudo-second order model were close to the experimental qe values at 
the dye concentration range of 100 – 500 mg/L. Adsorption of RhB and BB9 by bagasse obeyed the 
pseudo-second order equation in our study, which was verified using the non-linear regression. Our 
results were consistent with many previous observations on adsorption of RhB and BB9 on 
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lignocellulosic materials although most of these results were not verified using non-linear regression 
(Bulut & Aydin, 2006; Demir et al., 2008; Ferrero, 2007; Hameed, 2009a; Hameed, 2009b; McKay 
et al., 1999; Namasivayam et al., 2001; Oliveira et al., 2008; Panda et al., 2009). Only a few studies 
conducted the non-linear regression to verify their results (Barka et al., 2011; Vadivelan & Kumar, 
2005). In addition, some reports showed that RhB and/or BB9 adsorption on coir pith (Namasivayam 
et al., 2001), neem leaf powder and sawdust (Bhattacharyya & Sharma, 2005; Khattri & Singh, 2000) 
and giant duck weed (Waranusantigul et al., 2003) obeyed pseudo-first order model.  
3.7. Thermodynamic study 
Thermodynamic study on dye adsorption was studied in a temperature range of 30 – 50 ºC with 250 
mg/L dye and 10 g/L of bagasse. Thermodynamic parameters such as the changes in the standard 
free energy (ΔG°), the enthalpy (ΔH°) and the entropy (ΔS°) associated with the adsorption process 
can be determined using the rate equation (16) and the van’t Hoff equation (17).  The rate equation 
can be expressed as: 
ΔG° = – RTlnKC (16) 
and the van’t Hoff equation as: 
lnKC  = + 
ΔS° 
R 
– ΔH°   R 
1 
T  (17) 
where KC is the ratio of the equilibrium concentration of the dye ions on adsorbent to the equilibrium 
concentration of the dye ions in solution. It has been assumed that the adsorbate concentration is 
dilute, for equation (16) to hold so that ΔG° can be calculated (Liu, 2009; Liu & Liu, 2008).  R is the 
ideal gas constant (8.314 J/(mol·K)) and T is the adsorption temperature in Kelvin.  
A plot of lnKC versus 1/T gave a straight line (Fig. 9), from where (ΔH°) and (ΔS°) could be obtained, 
and ΔG° calculated. Increasing temperature from 30 ºC to 50 ºC had little or no effect on RhB 
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adsorption on bagasse and RhB removal was insignificant (Table 5). Increasing temperature from 30 
ºC to 50 ºC had an obvious negative effect on BB9 adsorption with BB9 removal decreasing from 
94.0% at 30 ºC to 89.8% 50 ºC (Table 5). 
Negative enthalpy (ΔH°) obtained for both dye adsorption processes (Table 5), indicating exothermic 
adsorption processes (Vijayakumar et al., 2009; Vimonses et al., 2009). The ΔH° for RhB adsorption 
was –2.2 kJ/mol, indicating the adsorption was not a significant exothermic process compared to BB 
adsorption. An adsorption pro-cess is generally considered as physical if ΔH° < 84 kJ/mol and as 
chemical when ΔH° lies between 84 and 420 kJ/mol (Ahmad & Kumar, 2010). The ΔG° values were 
between –7.1 kJ/mol and –7.4 kJ/mol for RhB adsorption, and between –5.8 kJ/mol and –6.9 kJ/mol 
for BB9 adsorption. These negative ΔG° values indicate both adsorptions are spontaneous (Ahmad & 
Kumar, 2010; Vimonses et al., 2009). The shift of ΔG° to a higher negatively value with decreased 
temperature indicated a rapid and more spontaneous adsorption at lower temperature. The values of 
entropy ΔS° for RhB adsorption and BB9 adsorption were 15.9 J/(mol·K) and –54.7 J/(mol·K) 
respectively. The positive value of entropy ΔS° indicates an increase in disorder of solid-liquid 
interface during dye adsorption (Vimonses et al., 2009). Conversely, the negative ΔS° value indicates 
a decrease in randomness at solid/solution interface and no significant changes occurs in the internal 
structure of the adsorbents through the adsorption (Alkan et al., 2007).  
3.8. Comparison of FTIR spectra of RhB and BB9 adsorbed bagasse 
FTIR analyses on bagasse before and after dye adsorption were conducted to further understand the 
adsorption chemistry. FTIR spectra were divided into two regions (4000 – 2400 cm-1 and 1800 – 
1200 cm-1). For the region of 4000 – 2000 cm-1, the spectra were normalised to compare the band 
intensity change. As shown in Fig. 8a, for untreated bagasse sample, the intense and broad bands at 
around 3350 cm-1 and 2900 cm-1 are assigned to OH group and C-H stretching respectively (Kumar 
et al., 2009).  After dye adsorption, the band intensity at 3350 cm-1 significantly reduced, probably 
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indicating some interactions between OH groups in bagasse and those of the dye functional groups. 
Fig. 8b shows the changes of FTIR spectra in the range of 1800 – 1200 cm-1. The peak in 1731 cm-1 
is assigned to the carboxylic groups of bagasse (Xing et al., 2010). Carboxylic groups are believed to 
play a very important role for dye adsorption (Srinivasan & Viraraghavan, 2010). Decrease in band 
intensity at around 1731 cm-1 obtained for treated bagasse may also be as a result of functional group 
interactions between those of the dye and the carboxylic groups in bagasse. The peaks at 1603 cm-1 
and 1590 cm-1 are due to aromatic skeletal vibration (Liu et al.; Zhao et al., 2008). The peak ratio at 
1603 cm-1 and 1590 cm-1 changed after RhB was adsorbed on bagasse. For BB9 adsorption, it 
appears that the two peaks have completely overlapped and formed one peak at 1598 cm-1. The peak 
region of 1330 – 1300 cm-1 is assigned to C-H vibration in cellulose and C1-O vibration in syringyl 
derivatives (Zhao et al., 2008). There is also an additional peak at 1352 cm-1 with the bagasse 
containing BB9, further indicating dye-adsorbent interactions.  The peak at 1330 cm-1 (associated 
with two overlapping peaks as seen with RhB adsorbed bagasse) has shifted to 1335 cm-1 in both dye 
adsorbed bagasse. The shift to a higher wavenumber is probably associated with interactions between 
RhB and bagasse. As the shift is not to a lower wavenumber, hydrogen bonding interactions are not 
expected to occur (Barsbay & Guner, 2007).  With bagasse containing BB9, the peak at 1330 cm-1 
has increased intensity compared to the peak obtained with bagasse.  
In summary, FTIR data indicate different levels of interactions RhB and bagasse, and between BB9 
and bagasse. Different levels of interactions exist between the hydroxyl, carboxylic and phenolic 
groups of bagasse and the tertiary amines of the dyes and as well as the carboxylic groups of RhB.  
4. Conclusions 
Adsorptions of RhB and BB9 on bagasse with different surface areas were compared in this study. 
BB9 adsorption was less sensitive to surface area change than RhB adsorption.  Adsorption capacity 
of RhB by bagasse was higher than that of BB9.  Linear regression, non-linear regression and 
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optimised non-linear regression were compared in this study to determine the preferred adsorption 
model. RhB adsorption fitted Freundlich isotherm whereas BB9 adsorption fitted Langmuir isotherm. 
Both dye adsorptions obeyed pseudo-second order model and were exothermic processes. 
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Tables and Figures 
Tables 
Table 1. Properties of sugarcane bagasse 
Table 2. Comparison of Freundlich isotherm parameters, r2 and SSE  by linear regression, non-linear 
regression and optimised linear regression for RhB and BB9 adsorptions 
Table 3. Langmuir isotherm parameters for RhB and BB9 adsorptions by (a) linear regression, (b) 
non-linear regression and (c) optimised non-linear regression 
Table 4. Pseudo-second order model parameters for RhB and BB9 adsorptions by (a) linear 
regression, (b) non-linear regression and (c) optimised non-linear regression 
Table 5. Parameters for thermodynamics  
Figures 
Figure 1. Molecular structures of RhB and BB9.  
Figure 2. Effect of surface area on dye adsorption (Initial dye concentration, 250 mg/L) 
Figure 3. Effect of bagasse dosage on dye adsorption (Initial dye concentration, 250 mg/L) 
Figure 4. Effect of solution pH on dye adsorption (Initial dye concentration, 250 mg/L) 
Figure 5. Effect of dye concentration on adsorption 
Figure 6. (a) Freundlich isotherm for RhB adsorption and (b) Langmuir isotherm for BB9 adsorption 
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Figure 7. Pseudo-second order model for (a) RhB adsorption and (b) BB9 adsorption. Dashed line: 
non-linear regression; Solid line: optimised non-linear regression 
Figure 8. FTIR spectra of (a) region 4000-2400 cm-1 (normalised) and (b) region 1800-800 cm-1 for 
(1) bagasse, (2) BB9 adsorbed bagasse and (3) RhB adsorbed bagasse 
Figure 9.  Plots of lnKc against temperature (K-1) 
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Table 1 
Surface area (m2/g) Bagasse Crystallinity index 
Cutter-grinding  
 
0.5 mm < D < 1.0 mm 0.58 0.61 
0.25 mm < D < 0.5 mm 0.60 0.63 
0.125 mm < D < 0.25 mm 0.66 0.64 
Ball-milling  
 
30 min 1.31 0.51 
60 min 1.56 0.40 
120 min 1.72 0.26 
180 min 1.82 0.15 
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Table 2 
RhB BB9 
Regression   
r2 r2 KF n SSE KF n SSE 
Linear 0.9874 0.8825 ‐     ‐ 
6.03 2.13 12.23 5.66
Non-linear 0.9839 13.50 0.8417 43.78 
Optimised non-linear  6.33 2.20 0.9849 12.68 13.66 6.90 0.8796 33.28   
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Table 3 
a 
Linear 
regression by 
form 
RhB BB9  
r2 r2 qm (mg/g) qm (mg/g) kL kL  
1 0.06 51.3 0.9658 0.35 28.0 0.9999  
2 0.10 39.2 0.9747 0.39 25.3 0.9651 
3 0.08 44.0 0.8556 0.64 26.1 0.9161  
 
b 
Non-linear regression 
using parameters from 
linear form 
RhB  BB9 
r2 r2 SSE SSE   
1 0.9579 35.27 0.9695 14.58   
2 0.8782 102.00 0.8642 37.54 
3 0.9329 56.18 0.9527 13.08   
 
c 
RhB, optimised non-linear regression BB9, optimised non-linear regression 
 
r2 r2 qm (mg/g) qm (mg/g) kL SSE kL SSE 
  
0.05 51.50 0.9590 34.30 0.48 27.12 0.9710 8.01 
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Table 4 
a 
RhB, linear regression BB9, linear  regression   Initial dye 
qe (exp, 
mg/g) 
qe (exp, 
mg/g) 
qe 
(mg/g) 
qe 
(mg/g) 
(mg/L) k2 r2 k2 r2   
100 9.7 9.7 0.32 1.0000 9.9 9.90 1.49 1.0000   
250 23.6 23.4 0.08 0.9998 23.5 23.40 0.54 1.0000 
27.8 27.90 0.23 1.0000 500 43.5 43.1 0.02 0.9993   
 
b 
RhB, non-linear regression BB9, non-linear regression Initial dye 
(mg/L) 
  
r2 r2 SSE SSE   
100 0.9996 0.03 1.0000 0.00   
250 0.9998 0.08 0.9993 0.31 
500 0.9934 9.11 1.0000 0.02   
 
c 
BB9, optimised non-linear regression RhB, optimised non-linear regression Initial dye 
(mg/L) 
  
qe (mg/g) k2 r2 SSE    qe (mg/g) k2 r
2 SSE 
100 9.6 0.44 0.9999 0.01 9.90 2.13 1.0000 0.00   
250 23.4 0.09 0.9999 0.06 23.40 0.23 1.0000 0.01 
500 42.5 0.03 0.9989 1.49 27.90 0.26 1.0000 0.01   
 
 
29 
 
Table 5 
RhB   BB9 
T (°C) ΔG° 
(kJ/mol) 
ΔH° 
(kJ/mol) 
ΔS° 
(J/(mol·K)
ΔG° 
(kJ/mol) 
ΔH° 
(kJ/mol) 
ΔS° 
(J/(mol·K)  
30 –7.1 –6.9 
35 –7.1 –6.6 
–2.2 15.9 –23.5 –54.7 40 –7.2 –6.3 
45 –7.3 –6.1 
50 –7.4   –5.8 
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